We developed a rat model of traumatic arteriogenic erectile dysfunction (ED) for the study of vasculogenic ED. Bilateral ligation of the internal iliac artery was performed on 30 three-month old male Sprague ± Dawley rats as an experimental group. The control group consisted of 12 rats which underwent dissection of the internal iliac artery without ligation. Before their euthanization at 3 days, 7 days, and 1 month (10 rats in the experimental group and four rats in the control group at each time point), erectile function was assessed by electrostimulation of the cavernous nerves. Penile tissues were collected for nicotinamide adenine dinucleotide phosphate (NADPH) diaphorase staining, trichrome staining, electron microscopy and RT-PCR for transforming growth factor beta (TGF-b1), insulin like growth factor-I (IGF-I) and ®broblast growth factors (FGF) mRNA expression. Electrostimulation of the cavernous nerves revealed a highly signi®cant declining of the intracavernous pressure after 3 and 7 days. No signi®cant recovery of erectile function was noted at 1 month. Histology showed degeneration of the dorsal nerve ®bers in all experimental rats. There was little decrease in the bulk of intracavernous smooth muscle in the experimental rats euthanazed 7 and 30 days. NADPH diaphorase staining revealed a signi®cant decrease in nitric oxide synthase (NOS) containing nerve ®bers in the dorsal and intracavernosal nerves in all rats in the experimental group. Electron microscopy showed a variety of changes such as collapse of sinusoids, increased cell debris, ®broblast and myo®broblast loss, intracellular deposition of fat and collagen and fatty degeneration. RT-PCR revealed up-regulation of TGF-b1 after 3 days but not after 7 days or 1 month. There is no signi®cant difference in IGF-I or FGF expression between the experimental and control group. Bilateral ligation of internal iliac arteries produces a reliable animal model for traumatic arteriogenic ED. Further studies are needed to investigate the molecular mechanism of ED in this model.
Introduction
Penile arterial insuf®ciency is one of the most common causes of erectile dysfunction (ED). Atherosclerotic or traumatic arterial occlusive disease of the pudendal-cavernous-helicine arterial tree can decrease the perfusion pressure and arterial¯ow to the sinusoidal spaces, thus decreasing the rigidity of the erect penis. Many studies have clearly demonstrated that penile erection is the result of three synergistic hemodynamic events: increased arterial ow, sinusoidal relaxation, and venous out¯ow restriction. 1,2 ED can occur if the cavernosal artery perfusion pressure is too low to achieve suf®cient intracavernosal pressure during penile erection. 3 Some researchers have focused primarily on the investigation of the abnormal in¯ow hemodynamic alterations. Little knowledge is available concerning the likely concomitant ischemia or atherosclerosisinduced alterations in the local reactivity of the corpus cavernosum smooth muscle and laculanar space endothelial cells. 4, 5 Common risk factors associated with generalized arterial insuf®ciency include hypertension, hyperlipidemia, cigarette smoking, diabetes mellitus, and pelvic irradiation. 6 ± 8 Epidemiological studies have shown a high incidence of ED in patients with coronary arterial disease. 9 Focal lesion of the common penile or cavernous artery is most often seen in young patients who have sustained blunt pelvic or perineal trauma such as in cases of biking accidents. 8 Erectile function is a widely investigated phenomenon and data derived from animal models are enormous. It is of fundamental importance when investigating the etiology and pathophysiology of vasculogenic ED in an animal model to be able to assess whether or not the animal is capable of erection and it is feasible. The lack of an adequate animal model of vasculogenic ED has slowed the study of the mechanisms of normal erection as well as the investigation of pathophysiological factors associated with vasculogenic ED. 10 In the canine model, it has been shown that acute mechanical ligation of both right and left internal iliacs or both right and left pudendal arteries cause a 50% decrease in blood¯ow to the right and left cavernosal arteries. Chronic mechanical ligation of the penile vessels had only a minimal effect on the erections induced by neurostimulation as a result of the development of numerous arterial collaterals to the penis. 11 Vasculogenic ED in an atherosclerotic rabbit model has been extensively studied, 12, 13 We elected to investigate the feasibility of using a smaller animal model for the studying of traumatic arteriogenic ED.
Materials and methods

Experimental animals
Animal model: The experimental protocols and animal care were approved by the Committee on Animal Research, University of California, San Francisco. Bilateral ligation of the internal iliac artery was performed on 30 3-month-old male Sprague ± Dawley rats weighing 350 ± 400 g. Midline laparotomy was performed and the iliac vessels identi®ed. Under an operating microscope, the iliac veins were carefully dissected out to expose the internal iliac arteries. Bilateral internal iliac arteries were then isolated and ligated at their origin. The control group consists of 12 age and weight-matched rats who underwent dissection of the internal iliac artery without ligation.
Functional evaluation and tissue procurement:
Before their euthanization at 3 days, 7 days, and 1 month (10 rats in the experimental group and four rats in the control group at each time point), erectile function was assessed by electrostimulation of the cavernous nerves. Rats in each group were explored for direct electrostimulation of the cavernous nerve before tissue collection. Under anesthesia with intra-peritoneal pentobarbital sodium (35 mgakg), each animal was placed on a heating pad to maintain its body temperature at 37 C. PE-50 tubing was inserted into the left carotid artery via a midline neck incision to record the blood pressure. Through a lower abdominal midline incision, the area posterolateral to the prostate was explored on both sides and the major pelvic ganglions, the pelvic nerves and the cavernous nerves were identi®ed and exposed. Surgery was facilitated by an operating microscope (Olympus, 10 ± 406). The skin overlying the penis was incised and both penile crura were exposed by removing part of the overlying ischiocavernous muscle. A 23G needle ®lled with 250 Unitaml of heparin solution was connected to PE-50 tubing and was inserted in the right crus for the pressure measurement.
Electrostimulation was performed with a delicate stainless steel bipolar hook electrode attached to a multi-jointed clamp. (Each pole was 0.2 mm in diameter; the two poles were separated by 1 mm.) Monophasic rectangular pulses were generated by a Macintosh computer with a custom-built constant current ampli®er. Stimulus parameters were: current 1.5 mA, frequency 20 Hz, pulse width 0.2 ms, and duration 50 s. The cavernous nerve was stimulated on each side. Intracavernous pressure was measured and recorded with a Macintosh computer programmed with Lab VIEW 4.0 software, (National instruments, Austin, TX).
After the functional study was completed, proximal penile segments were taken for nicotinamide adenine dinucleotide phosphate (NADPH) diaphorase staining, trichrome staining, electron microscopy. The tissue collected was immediately placed in a ®xative. The distal end of each penile segment was marked with methylene blue to facilitate future orientation. A different penile segment was taken and kept in a 770 C freezer until it was processed for reverse transcription polymerase chain reaction (RT-PCR) for transforming growth factor beta (TGF-b1), insulin like growth factor-I (IGF-I) and ®broblast growth factors (FGF) mRNA expression.
NADPH-diaphorase staining
NADPH diaphorase staining was used to identify nitric oxide synthase (NOS) in the penile nerve ®bers of the proximal penile segment. Tissue specimens were ®xed for 4 h in a cold, freshly prepared solution of 2% formaldehyde, 0.002% picric acid in 0.1 M phosphate buffer, pH 8.0. Tissues were cryoprotected for 24 h in cold 15% sucrose in 0.1 M phosphate buffer, pH 8.0. They were then embedded in OCT compound (Tissue-Tek, Miles Laboratory), frozen in liquid nitrogen, and stored at 770 C. Cryostat tissue sections were cut at 7 mm and adhered to charged slides, air-dried for 5 min, and hydrated for 10 min with 0.1 M PO 4 , pH 8.0. Sections were incubated with 0.1 mM NADPH, 0.2 mM nitroblue tetrazolium, 0.2% Triton X-100 in 0.1 M PO 4 , pH 8.0, for 60 min at room temperature. The reaction was terminated by washing sections in buffer. Slides were then coverslipped with buffered glycerin as the mounting medium.
The presence of NADPH diaphorase-positive nerves is easily apparent with this stain and is seen as a highly localized, densely blue region. The staining pattern was assessed by counting the number of NADPH-positive nerve ®bers present in four random ®elds (magni®cation 4006) of the corpus cavernosum and in the entire dorsal nerve (endothelium staining was not included in the count).
Trichrome stain: Each sample was ®xed in neutral buffered formalin and processed for paraf®n embedding. Sections (5 mm) were adhered to charged slides, deparaf®nized, and hydrated with distilled water. They were stained with trichrome stain. Sections were stained for 5 min with KMnO 4 solution, rinsed with water and placed in oxalic acid solution until they became clear. The sections were stained overnight in a working solution of resorcin-fuchsin. After thorough washing, the sections were counterstained in Van Giesen solution for 1 min, dehydrated, and cover-slipped.
Transmission electron microscopy
The samples were immersion-®xed with 2.5% glutaraldehyde and 2.5% paraformaldehyde in 0.15 M sodium cacodylate buffer (pH 7.4). After post-®xation in 2% osmium tetroxide, the tissue was dehydrated in graded ethanol and propylene oxide, and subsequently embedded in Epon 812. Thick sections (1 mm) were cut on a Sorvall MT2-B ultra-microtome and stained with 1% toluidine blue. Thin sections (approximately 900 A I ) were mounted on a 200 mesh copper grid, and stained with uranyl acetate and lead citrate as a contrasting agent. Ultrastructure examination was performed with a Philips 400 transmission electron microscope.
mRNA expression by differential RT-PCR
RT-PCR were used to identify mRNA expression of, IGF-I, TGF-b1 and FGF.
RNA preparation: Freshly dissected corpus cavernosum was homogenized in Tri-Reagent RNA extraction solution (Molecular Research Center, Cincinnati, OH). Following the recommended procedure by the supplier, RNAs were further treated with DNAase I to remove traces of contaminating DNA. Integrity of RNAs was examined by agarose gel electrophoresis.
RT-PCR analysis: RT-PCR was performed in two steps: an initial RT step and a subsequent PCR step. In the RT step, the cellular mRNAs were reversetranscribed into a`library' of complementary DNAs (cDNAs). This cDNA library was then used for the analysis of expression patterns of various genes in the PCR step. The RT procedure was performed with the SuperScriptase reverse transcriptase (Life Technologies, Inc., Gaithersburg, MD) and its accompanying reagents. Brie¯y, 2.5 mg of each tissue RNA was annealed to 0.4 mg of oligo-dT primer in a 12 ml volume. We then added 4 ml of 56 buffer, 2 ml of 0.1 M DTT, 1 ml of 10 mM dNTP, and 1 ml of SuperScriptase to bring the ®nal reaction volume to 20 ml. After 1 h of incubation at 42 C, the RT mixture was incubated at 70 C for 10 min to inactivate the RT. To make a 56 diluted library 80 ml of TE buffer was then added. A portion of this library was further diluted to various concentrations (down to 1a100 dilution). One ml of each dilution was then used in a 10 ml PCR to identify the optimal input within the linear ampli®cation range. In addition to the 1 ml of diluted library, the PCR mixture contained 10 ng each of a primer pair and reagents supplied with the Taq polymerase (Life Technologies, Inc., Gaithersburg, MD). PCR was performed in the DNA Engine thermocycler (MJ Research, Inc., Watertown, MA) under calculated temperature control. The cycling program was set for 37 cycles of 94 C, 5 s; 55 C, 5 s; 72 C, 10 s, followed by one cycle of 72 C, 5 min. The PCR product was electrophoresed in a 1.5% agarose gel, visualized by UV¯uorescence, and recorded by a digital camera connected to a computer. Densitometry was performed to determine the relative levels of gene expression, using the b-actin gene expression PCR result as a reference.
Design of oligonucleotide primers: For RT-PCR analysis of mRNA expression of various genes and for DNA sequence analysis of the RT-PCR products, we have designed and synthesized several pairs of oligonucleotide primers. The strategy for the design of these oligonucleotides includes the following considerations: (1) each primer is approximately 20 nucleotides in length with an optimal annealing temperature of 55 C, (2) each primer pair is designed to generate a speci®c RT-PCR product of approximately 500 bp, (3) to facilitate our studies on both rat models and human patients, our primers are derived from cDNA sequences that are completely identical in humans and rats, (4) to avoid the generation of PCR products from residual contaminating genomic DNAs, the two primers in each primer pair are selected from two separate exons whenever the gene structure information is available. We used the MacVector computer program (Oxford, Inc.) to search the GenBank database and analyze the retrieved gene sequences.
Statistical analysis
Data were compared with Mann ± Whitney U-tests for unpaired samples with Statview 4.02 software.
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Results
Functional study
Electrostimulation of the cavernous nerves revealed a highly signi®cant declining of the intracavernous pressure after 3 and 7 days in the experimental group ( Figure 1A , B and Table 1 ). No signi®cant recovery of erectile function was noted at 1 month ( Figure 1C) . Moreover, in the ligated group, we noticed that the intracavernous pressure curve during erection is usually`short-lived' as it started after a relatively long latency period, the duration of erection is short, and the pressure returns to baseline before the end of stimulation.
Trichrome staining
Histology showed degeneration of the dorsal nerve ®bers in all rats in the experimental group ( Figure  2A , B and Figure 3A , B). There was little decrease in the bulk of intracavernous smooth muscle in the A rat model of traumatic arteriogenic erectile dysfunction AI El-Sakka et al A rat model of traumatic arteriogenic erectile dysfunction AI El-Sakka et al experimental rats euthanazed at 7 and 30 days ( Figure 4A , B).
NADPH-diaphorase staining
Histological examination of proximal penile segment specimens revealed distinct NOS staining pattern in the dorsal nerve and intracavernous nerves ( Figure 5A, B) . NADPH diaphorase staining revealed a signi®cant decrease in NOS containing nerve ®bers in the dorsal and intracavernosal nerves in all rats in the experimental group (Table 2) .
Electron microscopy results
Electron microscopy showed normal cellular shape and contents in the control group ( Figures 6A and  7A ). In the experimental group of rats, a variety of cellular changes were detected: increase cell debris, loss of ®broblast and myo®broblast, intracellular deposition of fat and collagen and fatty degeneration (Figure 6 B, C) and collapse of sinusoids ( Figure 7B ).
RT-PCR
There was signi®cant up-regulation of TGF-b1, mRNA in the experimental group after 3 days but not after 7 days or 1 month ( Figure 8A ). There were no signi®cant differences in IGF-I or FGF mRNA expression between the experimental and the control group after 3 days, 7 days or 1 month. (Figure 8B , C).
Discussion
Vasculogenic ED in an atherosclerotic rabbit model has been extensively studied, and the authors demonstrated that ballon de-endothelialization of the common iliac artery and hyperchlesterolemia resulted in atherosclerotic vascular disease with occlusion of the common and internal iliac arteries. 12, 13 We elected to investigate the feasibility of a smaller animal model of traumatic. This rat model offers several advantages. First, the cavernous nerve can easily be identi®ed and stimulated to assess the erectile response. Second, rats are less likely to develop wound infection and anesthesia-related complications than rabbits and certainly are much less expensive. Moreover, the male rat shows many similarities with the behavioral and endocrine aspects of sexual activities in man. 14 Third, the bio-assay for erectile function has also been validated in the rat. 15 The disadvantage of this model is the small size of the internal iliac artery. Identi®ca-tion and ligation of both internal iliac arteries were facilitated by using operating microscopy and A rat model of traumatic arteriogenic erectile dysfunction AI El-Sakka et al intracavernous pressure monitoring. Immediately after the procedure, none of our rats was able to produce erection in response to electrostimulation con®rming that all branches to the penis had been ligated. Our results in a rat animal model of traumatic arteriogenic ED using bilateral ligation of internal iliac artery clearly showed: (1) degeneration of the dorsal nerve ®bers in all experimental rats and there was little decrease in the bulk of intracavernous smooth muscle. (2) NADPH diaphorase staining revealed a signi®cant decrease in NOS containing nerve ®bers in the dorsal and intracavernosal nerves in all rats in the experimental group. (3) Electron microscopy revealed collapse of sinusoids, increase in cell debris, loss of ®broblast and myo®broblast, intracellular deposition of fat and collagen and fatty degeneration. (4) RT-PCR revealed up-regulation of TGF-b1 gene expression after 3 days. These ®ndings correlate well with the functional study which showed a decreased erectile response to electrical stimulation of the cavernous nerves.
Penile erection involves relaxation of smooth muscle of the corpora cavernosa. Nitric oxide (NO) has been implicated in NANC relaxation of penile smooth muscles by stimulating the formation of cyclic guanosine monophosphate (cGMP) through the activation of guanylate cyclase. NOS catalyzes the synthesis of NO from L-arginine via a Caacalmodulin-dependent mechanism; it requires NADPH as a CO-factor and it is abolished by NOS inhibitors. 16, 17 The similarity between NOS immunochemistry and reduced NADPH diaphorase chemistry in the penis has been con®rmed. NOS staining had been demonstrated in the pelvic plexus, the dorsal penile nerve, the cavernous nerve, and its branches in the cavernous tissues. 18 The nerves within the penis can be sympathetic, parasympathetic, or sensory. Thus, the presence of nerve ®bers by itself does not elucidate the source of the erectile pathway. The ability to recognize and quantify the nerve ®bers containing NOS is the best way to assess the integrity, pathway, degeneration or regeneration of erectile nerves. Breza and associates, 19 in cadaveric dissection, found nerve ®bers connecting the cavernous and dorsal nerves Ð a ®nding reaf®rmed by Paick et al. 20 It appeared to them that the dorsal nerve serves as a`carrier' for the cavernous nerve, carrying these tiny ®bers to the distal corpora cavernosa and the glans. In the present study we found a distinct NOS staining pattern in the dorsal nerve and corpus cavernosum. NADPH diaphorase staining revealed a signi®cant decrease in NOS containing nerve ®bers in the dorsal and intracavernosal nerves in all rats in the experimental group.
In our study electron microscopy showed a variety of changes as collapse of sinusoids, increase cell debris, ®broblast and myo®broblast loss, intracellular deposition of fat and collagen and fatty degeneration. These results are consistent with many results which showed different ischemiarelated changes in other organs. Anvar et al, reported that chronic limb ischemia causes stromal haemorrhage and degeneration in approximately 50% of patients. 21 Electron microscopic study of arteries in ischemia of the brain revealed substantial ultrastructural changes in the vascular wall. The changes are characterized by varying thickness, edema, dissociation of ®brillar and amorphous components of internal elastic membrane. 22 In the liver Moussa et al, demonstrated that sinusoids were collapsed with resultant loss of normal hepatic architecture. Morphological changes to hepatocytes included focal chromatin condensation at the nuclear margins, distended nuclear envelope, and swelling of both mitochondria and endoplasmic reticulum. 23 In hypercholesterolemic rabbits in which a short posterior ciliary artery was occluded, the ischemic area of the choroid was in®ltrated with large crystalline particles and an exaggerated deposition of extravascular lipid material. 24 The peptide TGF-b1 was isolated from human platelets, human placenta, and bovine kidney and was characterized as a discrete molecular entity, namely a 25-kD homodimer with a unique NH 2 -terminal sequence. 25 TGF-b is involved in numerous vital processes including in¯ammation, stimulation of intercellular matrix formation, production of ®broblasts, and normal healing. 26 While growing evidence implicates TGF-b as a cytokine, vital to tissue repair, its excessive action may be responsible for tissue damage caused by scarring in many serious diseases. The pathological consequences of the action of TGF-b have been referred to as the`dark side' of tissue repair. 27 It has been reported that TGF-b is up-regulated in ischemic conditions in different organs. In patients who undergo supraceliac aortic clamping, the resultant splanchnic ischemia is associated with signi®cant elevation of TGF-b. 28 Other studies demonstrated a correlation between a high-producing TGF-b genotype and an earlier onset of cardiac-transplant coronary vasculopathy 29 and cerebral ischemia. 30 Since TGF-b can inhibit endothelial cell proliferation, it is likely that an increase in TGF-b may prevent vascular endothelial growth factor (VEGF) from exerting its endothelial growth activity in the rat model. These data suggest that there is a complex interaction among growth factors in the retina and that retinal neovascularization may require an imbalance between stimulatory and inhibitory factors. 31 Insulin-like growth factors (IGFs) are a single chain polypeptides with structural homology similar to proinsulin. They regulate proliferation and differentiation of a multitude of cell types and are capable of exerting insulin-like metabolic effects. Part of the allure of IGF-I as a therapeutic agent is its wide range of biological effects and its actions on many different tissues. IGF-I mediates many, if not most of the anabolic effects of circulating growth hormone. It stimulates bone formation, protein synthesis, glucose uptake in muscle, and myelin synthesis. Recently, growth hormone has been found to enhance regeneration of NOS-containing penile nerves after cavernous nerve neurotomy in rats. 32 Growth hormone is known to stimulate hepatic production of IGF-I which is the mediator of most of growth hormone functions.
Fibroblast growth factors(s) (FGF) are known to represent a group of similar proteins that are potent mitogens for many mesodermally and ectodermally derived cells. The structures and functions of both acidic and basic FGF have been well-characterized. Both stimulate endothelial cell proliferation and migration. In animal models, FGF has been shown to enhance angiogenesis, granulation, tissue formation, epithelial growth and wound healing in diabetes and ischemia. 33, 34 In a human clinical trial using recombinant FGF for the treatment of chronic pressure sores resulted in modest reductions in wound volume and increased the number of ®broblasts and capillaries in the wound.
Other growth factors such as vascular endothelial growth factor (VEGF), brain-derived neurotrophic factor (BDNF), ciliary neurotrophic factor (CNTF) have recently gained more attention in ischemic and ischemic nerve degeneration conditions. VEGF seems to be more important than FGF during ischemic wound healing. Treatment of ischemic wounds with VEGF improves the de®cit in wound healing produced by ischemia. 35 Clinical and experimental studies showed the neuroprotective function of BDNF and CNTF against ischemic conditions in brain and retina. 36 ± 39 In this study, we did not see signi®cant changes of, IGF-I and FGF in the penile tissue of bilateral ligation of internal iliac artery rats as compared with the controls. However, changes of other growth factors may occur and the study of several other growth factors as VEGF, BDNF and CNTF will be the subject of a future study. Bilateral ligation of internal iliac arteries produces not only a feasible animal model for the study of arteriogenic ED but, more importantly, a reproducible one. This animal model can open the door to try medical revascularization with various growth factors such as VEGF and possibly BDNF or CNTF for nerve regeneration.
Conclusions
Bilateral ligation of internal iliac arteries produces a reliable animal model for traumatic arteriogenic ED. Further studies are needed to investigate the molecular mechanism of ED in this model.
